The efficacy of vapor-phase hydrogen peroxide in a pass-through box for the decontamination of equipment and inanimate materials potentially contaminated with exotic animal viruses was evaluated. Tests were conducted with a variety of viral agents, which included representatives of several virus families (Orthomyxoviridae, Reoviridae, Flaviviridae, Paramyxoviridae, Herpesviridae, Picornaviridae, Caliciviridae, and Rhabdoviridae) from both avian and mammalian species, with particular emphasis on animal viruses exotic to Canada. The effects of the gas on a variety of laboratory equipment were also studied. Virus suspensions in cell culture media, egg fluid, or blood were dried onto glass and stainless steel. Virus viability was assessed after exposure to vaporphase hydrogen peroxide for 30 min. For all viruses tested and under all conditions (except one), the decontamination process reduced the virus titer to 0 embryo-lethal doses for the avian viruses (avian influenza and Newcastle disease viruses) or less than 10 tissue culture infective doses for the mammalian viruses (African swine fever, bluetongue, hog cholera, pseudorabies, swine vesicular disease, vesicular exanthema, and vesicular stomatitis viruses). The laboratory equipment exposed to the gas appeared to suffer no adverse effects. Vaporphase hydrogen peroxide decontamination can be recommended as a safe and efficacious way of removing potentially virus-contaminated objects from biocontainment level III laboratories in which exotic animal disease virus agents are handled. While aqueous hydrogen peroxide (H 2 O 2 ) has been successfully used for the disinfection of inanimate surfaces, the use of vapor-phase H 2 O 2 (VPHP) as a gaseous disinfectant is a relatively new development. In the past, equipment and heatsensitive materials that could not otherwise be treated were decontaminated with formaldehyde or ethylene oxide. While these gases are highly effective, they are toxic, carcinogenic, and potentially explosive; they require careful handling procedures; and ethylene oxide requires long ventilation periods. VPHP represents a safe alternative to the use of these toxic gases and the need for their neutralization prior to release into the atmosphere. VPHP breaks down into oxygen and water, both of which are environmentally benign.
While aqueous hydrogen peroxide (H 2 O 2 ) has been successfully used for the disinfection of inanimate surfaces, the use of vapor-phase H 2 O 2 (VPHP) as a gaseous disinfectant is a relatively new development. In the past, equipment and heatsensitive materials that could not otherwise be treated were decontaminated with formaldehyde or ethylene oxide. While these gases are highly effective, they are toxic, carcinogenic, and potentially explosive; they require careful handling procedures; and ethylene oxide requires long ventilation periods. VPHP represents a safe alternative to the use of these toxic gases and the need for their neutralization prior to release into the atmosphere. VPHP breaks down into oxygen and water, both of which are environmentally benign.
Aqueous H 2 O 2 is active against a wide range of organisms: bacteria, yeasts, fungi, viruses, and spores (1) . There is, however, a paucity of information available on the efficacy of VPHP, and its activity against exotic animal viruses is not known. Klapes and Vesley (4) demonstrated sporicidal capability in the experimental use of VPHP for the decontamination of an ultracentrifuge. Rickloff and Orelski reported on the use of VPHP for the sterilization of dental instruments (6) . In another paper, Suen et al. (7) used VPHP for decontamination of rooms and biological safety cabinets. They demonstrated that coupons contaminated with bacterial spores and suspended in different parts of the room were successfully decontaminated (7) . VPHP has also been successfully used for the sterilization of freeze dryers (2) .
VPHP has potential for use in laboratories and research institutions for the decontamination of laboratory equipment susceptible to heat. In a biocontainment level III laboratory setting, all materials exiting the facility must be effectively decontaminated. This can present a problem for items that cannot be autoclaved or passed through a liquid-disinfectant tank. VPHP represents a potentially useful fumigant in passthrough boxes used to decontaminate materials exiting the laboratory. This study was initiated to validate the efficacy of VPHP in a pass-through box for the decontamination of equipment and inanimate materials potentially contaminated with exotic animal viruses. Tests were conducted with viral agents derived from lists A and B of the Office International des Epizooties (5). These included representatives of several virus families, from both avian and mammalian species.
MATERIALS AND METHODS
Equipment. VPHP was generated by a biodecontamination system (VHP 1000; Steris Corporation, Mentor, Ohio) which controlled all phases (dehumidification, peroxide generation, and aeration) of the decontamination process. This machine was connected to an 18-ft 3 stainless-steel pass-through box via 1.5-in. Tygon tubing. The pass-through box was equipped with two internal circulation fans to ensure even distribution of VPHP within the box. The pressure within the box was monitored by a manometer during each decontamination run. The temperature was monitored at three different locations within the box by temperature probes during all decontamination runs. The pass box was leak tested by pressurizing the enclosure to an equivalent of a 2.0-in. water column, and a decay rate of 0.08 in./h was calculated over an observation period of 18 h.
Cycle parameters. The biodecontamination system was programed to perform the following phases. Dehumidification was carried out for 10 min with an airflow rate of 10 ft 3 /min (cfm) to a target relative humidity of Ͻ5%. VPHP was then generated from a 30% (wt/wt) solution of aqueous H 2 O 2 at a rate of 2 g/min for 30 min at an airflow rate of 10 cfm, calculated to maintain a steady state of hydrogen peroxide of approximately 1.73 mg/liter or 1,211 ppm. Following decontamination, aeration occurred for 210 min at an airflow rate of 10 cfm. At all phases of the decontamination cycle, a negative pressure equivalent to that of a 2.0-to 3.0-in. water column was maintained in the enclosure.
Biological indicators.
Spore strips impregnated with Bacillus stearothermophilus (Spordex; Steris Corporation) were placed in the pass-through box during each of the decontamination runs. After the decontamination run, the indicators were suspended in Trypticase soy broth and incubated at 56°C for 7 days. Turbidity of the medium was an indication of bacterial growth. Decontamination runs were required to destroy 3.4 ϫ 10 5 spores in order for the process to be considered acceptable.
Eight different viruses, representing eight different families of virus, were used in these studies ( Table 1 ). All virus stocks and recovered viruses were titrated by standard methods. Viruses were suspended in either (i) minimal essential medium with 5% fetal bovine serum (a standard growth medium for virus propagation in cells), (ii) allantoic fluid (for viruses grown in eggs), or (iii) porcine blood (for viruses presented in animal blood). Virus inactivation by VPHP was evaluated with the viruses in two conditions: suspended in liquid or dried onto a solid support.
For the liquid studies, 100 l of each viral suspension was placed onto the bottom of one glass vial or onto one stainless-steel coupon (2.2 by 2.2 mm) and then subjected to the decontamination process (glass only). After decontamination, virus recovery and titration were performed by standard techniques (5) . To obtain dried virus, the viruses were dispensed as above, air dried for 16 h (time for complete drying) in a biological safety cabinet, and then subjected to decontamination. After decontamination the dried viruses were resuspended in 1 ml of minimal essential medium for virus recovery and titration.
As a control for the liquid-virus decontamination process, virus was also inoculated into one glass vial or one stainless-steel coupon and kept at Ϫ70°C or put in the pass-through box during the decontamination process, but in a sealed container impervious to VPHP gas (glass only). As a control for the dried-virus decontamination process, virus was again inoculated onto glass or stainless steel, dried, and kept either at room temperature (20 Ϯ 2°C) or in the pass-through box during the decontamination process, but not exposed to VPHP gas.
In most cases, each decontamination run (containing one coupon or glass vial for each virus) was carried out three times. The arithmetic mean and standard deviation of titers from the three runs for each of the viruses tested were calculated and are presented.
Compatibility testing. To ensure that VPHP gas could successfully be used as a nondestructive sterilant, several different types of equipment were also fumigated and evaluated for damage. These included a telephone, a camera lens, undeveloped film, X-ray film, developed Polaroid pictures, computer disks (five runs), a laptop computer (five runs), an electric drill, a watch, an electronic timer, and a pipette aid.
RESULTS
During all phases of each run, the pressure inside the enclosure remained at 2 to 3 in. of water. Any deviation from this range would have been an indication of a mechanical failure and reason to abort the cycle. During the dehumidification phase, the temperatures within the pass-through box increased a AIV, avian influenza virus; ASFV, African swine fever virus; BTV, bluetongue virus; HCV-CC, hog cholera virus in cell culture medium; HCV-WB, hog cholera virus in whole blood; NDV, Newcastle disease virus; PRV, pseudoroabies virus; SVDV, swine vesicular disease virus; VEV, vesicular exanthema virus; VSV-CC, vesicular stomatitis virus in cell culture medium; VSV-AF, vesicular stomatitis virus in allantoic fluid. Out of box, samples not placed in decontamination chamber; in box, samples placed in decontamination chamber; ND, not done.
b Not replicated. c Sample could not be assayed at a dilution of less than 1/10 because of toxicity in the assay system at lower dilutions.
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considerably from ambient temperatures (20 to 24°C) to a range of 30 to 40°C depending on the location within the enclosure. The temperature continued to be within this range during the sterilization phase but then decreased to room temperature during aeration. Culturing of the biological indicators after each decontamination run indicated a complete inactivation of all the Bacillus spores due to a lack of spore growth after incubation in growth media, and the run was considered successful.
The effects of the decontamination process on the titers of the various viruses are shown in Table 2 . In all cases (except for hog cholera virus suspended in blood) the decontamination process reduced the virus titer from 8.5 or 9.6 50% embryo lethal doses (ELD 50 ) to 0 ELD 50 for the avian viruses or from 6.5 to 9.0 50% tissue culture infective doses (TCID 50 ) to less than 10 TCID 50 for the mammalian viruses. This observation was true when the viruses were tested both in liquid and in dried states. In the case of swine vesicular exanthema virus, heating alone reduced the amount of recoverable virus by several log units. In the case of vesicular disease virus, hog cholera virus in cell culture medium, and vesicular stomatitis virus in cell culture medium, drying alone reduced the recoverable virus titer to less than 10 TCID 50 . Only avian influenza virus, hog cholera virus in blood, Newcastle disease virus, pseudorabies virus, and vesicular stomatitis virus in allantoic fluid retained a titer of greater than 1 log unit after being dried and then heated in the pass-through box but not exposed to VPHP (Table 2) . In most cases, there were no apparent differences between the virus titers recovered from glass and those recovered from steel. Nor was there any apparent difference in the killing ability of the VPHP gas when the virus was present in cell culture fluid or allantoic fluid, as shown for vesicular stomatitis virus.
No adverse effects of the VPHP gas were seen on the various types of equipment that were fumigated for compatibility testing. All the pieces of equipment were used in their respective applications after exposure to VPHP and appeared to operate successfully.
DISCUSSION
The results of this study show that VPHP gas can be safely generated to high concentrations within an enclosure. The concentration of hydrogen peroxide gas generated and/or the process of decontamination was shown to reduce the titers of eight different viruses to 0 ELD 50 for avian viruses or less than 10 TCID 50 for mammalian viruses. Previous studies have shown that B. stearothermophilus spores are the most resistant to VPHP (6) . It would thus be expected that VPHP would also be effective against less resistant classes of microorganisms, such as viruses. This is consistent with the findings of Klapes, who noted the rapid inactivation of pathogenic bacteria, yeast, fungal spores, viruses, and bacterial spores (3). The only clear exception to this was cases when the virus was present in blood. It is possible that blood, being a protein-rich substance, protected the virus in some way from the oxidizing properties of the gas, although the other viruses were either in 5% fetal calf serum or in egg fluid (also very protein rich). It is also possible, since cells naturally contain peroxidase and catalase, that these endogenous enzymes in the erythrocytes neutralized some or all of the hydrogen peroxide, rendering the decontamination process ineffective.
Animal disease virology laboratories around the world that are working at level III or IV biocontainment with exotic viruses have traditionally used formaldehyde gas as the fumigant for decontamination of objects being removed from the laboratory. This study shows that VPHP gas would be an excellent substitute for this purpose. The VPHP fumigation process, although very effective at destroying any potential virus contaminants (in a liquid or a dried state) on objects, did not appear to damage any of the laboratory equipment tested. This makes VPHP gas a suitable substance for decontamination of objects needing to be removed from a biocontainment level III or IV laboratory. Since this was a preliminary study, not all potentially contaminated types of material (rubber, cloth, plastic, etc.) were tested. It is hoped that further studies might address these needs.
